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Fyn Can Partially Substitute for Lck
in T Lymphocyte Development
Tim Groves,1 Patricia Smiley,1, 6 Michael P. Cooke,2, 7 of the pre-TCR complex regulates a critical checkpoint
in thymocyte development. Consistent with this notion,Katherine Forbush,3, 5 Roger M. Perlmutter,2, 3, 4, 5
productively rearranged TCRb transgenes (Kishi et al.,and Cynthia J. Guidos1
1991; Mombaerts et al., 1992b; Shinkai et al., 1993;1Division of Immunology and Cancer
Shores et al., 1993) or anti-CD3e treatment (Levelt et al.,Hospital for Sick Children Research Institute
1993; Jacobs et al., 1994; Shinkai and Alt, 1994) restores555 University Avenue
thymic cellularity and the development of DP thymo-Toronto, Ontario
cytes in severe combined immunodeficient (scid) orCanada M5G 1X8
RAG1- or RAG2-deficient mice. Collectively, these re-and Department of Immunology
sults demonstrate that pre-TCR signals stimulate TCRb1University of Toronto
DN progenitors to proliferate, down-regulate CD25, andToronto, Ontario
express the CD4 and CD8 major histocompatibility com-Canada M5S 1A8
plex (MHC) coreceptors. At this stage, TCRa expression2Department of Biochemistry
begins, and TCRab-mediated recognition of peptide–3Department of Immunology
MHC ligands expressed on thymic stromal cells selects4Department of Medicine
some DP thymocytes to mature into CD41 helper or5Howard Hughes Medical Institute
CD81 cytotoxic T cells (reviewed by Guidos, 1996).University of Washington
Fyn and Lck, two lymphocyte-restricted members ofSeattle, Washington 98195-7650
the Src tyrosine kinase family, have both been shown
to play important roles in TCRab/CD3-mediated signal
transduction in mature T cells (reviewed by Anderson
Summary et al., 1994; Weiss and Littman, 1994). However, Fyn
plays no essential role in pre-TCR- or TCRab-induced
Lck, a Src family tyrosine kinase, transduces signals maturation, since normal numbers of DP and single posi-
important for the development of ab and gd T cells. tive (SP) thymocytes are generated in fyn2/2 mice
However, T cell development is only partially compro- (Appleby et al., 1992; Stein et al., 1992; Swan et al.,
mised in Lck-deficient mice, suggesting that other ki- 1995) and expression of a dominant-negative fyn allele
nases may also transduce pre-TCR or TCR signals. does not impair T cell development (Cooke et al., 1991).
One candidate is Fyn, a Src kinase coexpressed with In contrast, multiple lines of evidence point to an impor-
Lck in immature and mature T cells. Here we show tant role for Lck at both stages of T cell development.
that T cell development is completely compromised First, the ability of TCRb transgenes or anti-CD3e injec-
in lck2/2fyn2/2 mice. In addition, we demonstrate that tion to restore normal DP thymocyte development to
expression of a gain-of-function mutant fyn(T) trans- RAG12/2 or RAG22/2 mice requires Lck activity (Mom-
baerts et al., 1994; Levelt et al., 1995; Wu et al., 1996).gene completely restores production of immature
Second, overexpression of a constitutively active lckCD4/CD8 double positive thymocytes and gd T cells
transgene promotes the development of DP thymocytesand improves the representation of CD4 or CD8 single
in the absence of TCRb expression (Mombaerts et al.,positive thymocytes. These observations reveal that
1994), suggesting that Lck functions downstream of theFyn can subserve some Lck-like functions in T cell
pre-TCR complex in regulating the DN to DP transition.development.
In addition, Lck signals regulate allelic exclusion of
TCRb gene rearrangement in DN thymocytes (AndersonIntroduction
et al., 1992, 1993). Lck has also been implicated in
TCRab-mediated signaling (McCarthy et al., 1988; Na-
Two structurally distinct T cell receptor b (TCRb)-con-
kayama et al., 1989, 1990, 1991; Wiest et al., 1993, 1996;
taining receptor complexes regulate T lymphocyte devel-
van Oers et al., 1996), positive selection (Teh et al.,
opment. The pre-TCR complex, thought to consist of pre- 1991; Carrera et al., 1992a, 1992b; van Oers et al., 1992;
Ta, TCRb, and CD3 proteins, is expressed on CD251 CD4/ Hashimoto et al., 1996), and CD4/CD8 lineage commit-
CD8 double negative (DN) thymocytes (reviewed by Levelt ment (Itano et al., 1996) of DP thymocytes. Finally, Lck
and Eichmann, 1995). In mutant mice lacking recombi- is required for the development of some subsets of gd
nase-activating genes 1 or 2 (RAG1 or RAG2) (Mombaerts T cells (Penninger et al., 1993; Kawai et al., 1995).
et al., 1992b; Shinkai et al., 1992), TCRb (Mombaerts et Although these observations define an important role
al., 1992a), pre-Ta (Fehling et al., 1995), CD3e (Malissen for Lck-mediated signaling events during development
et al., 1995), or TCRz (Liu et al., 1993; Love et al., 1993; of gdand ab T cells, it isnot clear whetherLck is essential
Malissen et al., 1993; Ohno et al., 1993), development for these processes. Analyses of mice overexpressing
of double positive (DP) thymocytes from CD251 DN pro- a dominant-negative lck transgene suggest an obligate
genitors is diminished or completely abrogated, reduc- role for Lck in pre-TCR signaling, since development of
ing thymic cellularity 10- to 100-fold. Thus, expression DP thymocytes and allelic exclusion of TCRb are both
completely abrogated in these mice (Anderson et al.,
1993; Levin et al., 1993).By contrast, some accumulation6Present address: Westminster College, Salt Lake City, Utah 84105.
of DP thymocytes does occur in Lck-deficient mice cre-7 Present address: Systemix, 3155 Porter Drive, Palo Alto, California
94304. ated by targeted disruption of lck (Molina et al., 1992).
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Moreover, lck2/2 mice exhibit efficient allelic exclusion deficient for both Lck and Fyn derived from a profound
and early block in thymocyte maturation. In lck2/2fyn2/2of TCRb (Wallace et al., 1995). Similarly, RAG12/2lck2/2
mice still develop small numbers of DP thymocytes in mice, thymic cellularity was 1%–5% of normal and thy-
mocytes were predominantly large DN cells, with onlyresponse to expression of a TCRb transgene (Mom-
baerts et al., 1994) or anti-CD3e treatment (Levelt et 1%–3% progressing to the DP stage (Figure 1B). By
contrast, thymic cellularity in lck2/2fyn1/1 mice wasal., 1995; Wu et al., 1996). Finally, small numbers of
peripheral SP T cells develop in lck2/2 mice (Molina et 10%–20% normal, and 40%–60% of the thymocytes
were small DP cells (Molina et al., 1992; Figure 1B).al., 1992), arguing that, in the absence of Lck, some
other signaling molecule can subserve its functions in Thymocyte number and phenotype were similar in
lck2/2fyn1/1 and lck2/2fyn1/2 mice, indicating that fynpositive selection of DP thymocytes into the SP lin-
eages. gene dosage had no effect on thymocyte development
in the absence of Lck. The severe paucity of DP thymo-One obvious candidate for such a signaling element
is Fyn, since it is expressed at comparable levels to Lck cytes in the double mutant mice was accompanied by
an accumulation of immature CD442/loCD251 thymo-in DN and DP thymocytes (Olszowy et al., 1995) and is
known to associate with CD3 proteins (Gauen et al., cytes, at the expense of their CD442CD252 progeny
(Figure 1B). Thus, abrogation of Lck and Fyn expression1992). Although Fyn does not play an essential role in
T cell development, we hypothesized that Fyn might play mediates a developmental arrest virtually identical to
that in pre-TCR-deficient RAG1/22/2 and scid mice ora redundant role in pre-TCR or TCRab/CD3 signaling (or
both). To address this possibility, we generated lck2/2 in mice expressing a high level of catalytically inactive
Lck (reviewed by Anderson and Perlmutter, 1995; Leveltmice harboring either recessive loss-of-function ordom-
inant gain-of-function fyn alleles. Thymic cellularity in and Eichmann, 1995).
Low levels of TCRb (Figure 1B) and CD3e (data notlck2/2fyn2/2 mice was reduced 5- to 10-fold relative to
lck2/2 mice, and DP thymocytes, peripheral TCRab T shown) were detected on the surface of 15%–25% of
lck2/2fyn2/2 thymocytes, arguing that developmental ar-cells, and TCRgd T cells were virtually undetectable.
These data indicate that Fyn mediates development of rest was not due to failure to express a TCRb/CD3e-
containing pre-TCR complex. TCRb1 thymocytes in theDP thymocytes in lck2/2 mice. This notion was further
supported by our finding that a constitutively active mu- double mutant mice were predominantly CD251 and
HSAhi, whereas TCRb1 thymocytes in B6 mice were vir-tant fyn(T) transgene (TFF) could completely restore DP
thymocyte development in lck2/2 mice. However, in con- tually all CD252 (Figure 1B; data not shown), suggesting
that loss of CD25 from pre-TCR1 thymocytes was sub-trast with the analogous gain-of-function lck transgene
(Mombaerts et al., 1994), the TFF transgene could not stantially impaired in the absence of Lck and Fyn.
CD252TCRb1 thymocytes developed in lck2/2fyn1/2promote efficient generation of DP thymocytes in
RAG12/2 mice. Finally, we provide evidence that Lck is mice, but this process appeared to be inefficient or
slower than normal, since up to 20% of TCRb1 thymo-important for signal transduction during the DP to SP
transition and that this Lck function can be partially cytes were CD251 (Figure 1B). Collectively, these results
suggest that pre-TCR signaling, which regulates the losssubserved by the fyn TFF transgene.
of CD25, acquisition of CD4 and CD8, and clonal expan-
sion of TCRb1 thymocytes, is significantly impaired inResults
the absence of Lck, but is completely compromised in
the absence of both Lck and Fyn. Thus, Fyn can partiallyProfound Failure of T Cell Development
in lck2/2fyn2/2 Mice compensate for the absence of Lck in the pre-TCR-
mediated DN to DP transition.To determine whether the small numbers of DP thymo-
cytes found in Lck-deficient mice develop in a Fyn-depen-
dent manner, we bred lck2/2fyn2/2 and lck2/2fyn1/2 mice.
Expression of a Gain-of-Function fyn TransgeneConsistent with previous reports (Molina et al., 1992), flow
Restores DP Thymocyte Developmentcytometric analysis of lymphnode cells from 3- to 6-week-
in Lck-Deficient Miceold lck2/2 mice demonstrated a 10- to 20-fold reduction
Src family tyrosine kinases contain a tyrosine residuein the frequency and absolute number of CD41 and CD81
near the C-terminus that negatively regulates catalyticTCRab1 T cells (Figure 1A; Table 1). In contrast, TCRab1
activity. Phosphorylation of Tyr-528 negatively regulatesT cells were reduced by less than 2-fold in Fyn-deficient
Fyn kinase function, and substitution of this residue withmice (Table 1). The number of lymph node TCRgd1CD3e1
phenylalanine generates a more active kinase (Davidsoncells was similar in Lck-deficient and Fyn-deficient mice
et al., 1992). Expression of the analogous gain-of-func-and was reduced 2-fold or less relative to normal B6 mice.
tion lck transgene directs the maturation of DP thymo-However, TCRab1 or TCRgd1 cells were virtually unde-
cytes in the absence of TCRb rearrangement (Andersontectable in the lymph nodes (Figure 1A; Table 1) or spleen
et al., 1992; Mombaerts et al., 1994), and this effect is(data not shown) of the double mutant mice, demonstra-
not dependent on overexpression of mutant relative toting that development of both T cell lineages requires
endogenous Lck. Thus, Lck functions genetically down-the participation of either Lck or Fyn. In contrast, normal
stream of the pre-TCR complex to promote the DN to DPnumbers of B cells were present in single and double
transition. These observations prompted us to examinemutant mice (data not shown).
whether a gain-of-function fyn transgene could functionAnalysis of thymocyte number and phenotype sug-
gested that the lack of peripheral TCRab1 cells in mice similarly in RAG12/2 mice and whether it could restore
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Figure 1. Abrogation of T Cell Development in lck2/2fyn2/2 Mice
(A) Absence of ab and gd T cells in the periphery of lck2/2fyn2/2 mice. The plots display two-color analyses of CD3e versus TCRgd, TCRb
versus CD4, and TCRb versus CD8 expression in lymph node cells from 3- to 6-week-old mice of each genotype. Numbers on each plot
indicate the percentage of cells in that quadrant. Quadrant markers were set based on staining with isotype-matched control antibodies.
Frequencies of <0.5% were considered negative based on comparison with isotype-matched control stains.
(B) Early block in thymocyte development in lck2/2fyn2/2 mice. Thymocytes from 3- to 6-week-old mice of each genotype were stained with
the indicated pairs of antibodies and analyzed by two-color flow cytometry. The numbers below each genotype designation refer to the
average number of thymocytes (6 SD) for that group. Numbers on each plot indicate the percentage of cells in that quadrant. Quadrant
markers were set based on staining with isotype-matched control antibodies, except for CD4 versus CD8 and CD44 versus CD25 stains, in
which the quadrants demarcate the prominent DP or CD251CD44lo subsets, respectively.
normal thymocyte development in lck2/2 mice. A murine tion at position 528 and was cloned into the p1017
transgene expression cassette, which contains the tran-fyn(T) cDNA, referred to as TFF, was engineered to har-
bor the tyrosine to phenylalanine gain-of-function muta- scriptional controlelements of the lck proximal promoter
Immunity
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Table 1. Lymph Node T Cell Subsets in Mice Lacking Lck, Fyn, profound effect in RAG11/2lck2/2 mice. In lck2/2 mice,
or Both thymic cellularity is 5%–10% of normal owing to a 10-
to 20-fold reduction in the production of DP thymocytesGenotype Number of T Cells
(Molina et al., 1992; Wallace et al., 1995), but the TFFlck fyn n TCRab (3 1026) TCRgd (3 1025)
transgene restored thymic cellularity and development
1/1 1/1 3 14.5 6 3.5 2.6 6 0.3 of normal numbers of DP thymocytes to lck2/2 mice
1/1 2/2 4 8.9 6 3.6 1.7 6 0.7 (Figure 3B). As noted previously (Molina et al., 1992), we
2/2 1/1 3 0.9 6 0.1 1.6 6 0.8
found that TCRb/CD3e expression on lck2/2 DP thymo-2/2 2/2 3 ND ND
cytes was 3- to 4-fold higher than on wild-type DP cells
n, number of individuals per group; ND, not detectable. Peripheral (Figure 4A), although a prominent TCRmed/hi subset was
lymph node cells from individual mice of each genotype were
absent (Figure 3B). We also noted that expression ofcounted and stained with antibodies specific for TCRab (H57) or
CD5, which is normally up-regulated in parallel with TCRTCRgd (GL3). The frequency of each subset was multiplied by the
during thymocyte development (Bendelac et al., 1992;total cell count to determine the absolute number present in each
animal. Values shown represent the mean 6 SD for the number of Guidos and Weissman, 1993), was 5- to 6-fold lower
individual mice analyzed in each group. on lck2/2 relative to normal DP thymocytes (Figure 4A).
Interestingly, the TFF transgene also restored normal
levels of thymocyte TCR and CD5 expression to DP
(Cooke et al., 1991). A B6 TFF transgenic line was estab- thymocytes in RAG11/2lck2/2 mice (Figure 4B). Thus,
lished and then crossed to RAG12/2lck2/2 mice (Wu et the TFF transgene can replace Lck function to promote
al., 1996) to generate TFF-expressing mice that lacked the expansion and phenotypic development of DP thy-
either lck or RAG1 gene function. mocytes.
We first evaluated expression of Fyn protein in TFF
transgenic thymocytes. Transcription from the lck proxi-
mal promoter is down-regulated in SP relative to DP thy- The TFF Transgene Improves the DP to SP
Transition in Lck-Deficient Thymocytesmocytes (Reynolds et al., 1990; Wildin et al., 1991), so
the TFF transgene is expressed primarily in DN and DP Lck deficiency also reduces, but does not abrogate, the
development of CD4 and CD8 SP T cells (Molina et al.,thymocytes (data not shown), consistent with the ex-
pression patterns of several other transgenes expressed 1992). This reduction could reflect the reduced pool size
of DP precursors in lck2/2 mice or a specific defect inunder control of the proximal lck regulatory elements (re-
viewed by Anderson et al., 1994). We therefore compared positive selection of Lck-deficient DP thymocytes (or
both). In the former case, DP and SP thymocytes shouldFynprotein levels in TFF transgenic thymocytes with those
in Lck-deficient thymocytes (a mixture of DN and DP cells) both be reduced in number but present at normal fre-
quencies, as has been shown for interleukin-7-deficientand MHC I2/2MHC II2/2 (primarily DP) thymocytes. Fyn
protein was expressed at 2- to 4-fold higher levels in mice (von Freeden-Jeffry et al., 1995). However, very
few SP thymocytes are detectable in lck2/2 mice (MolinaTFF transgenic strains relative to these nontransgenic
strains (Figure 2; data not shown). Because the signal et al., 1992), and most thymocytes falling into the SP
gates have CD41CD8lo or CD4loCD81 transitional pheno-in TFF thymocytes derives from both transgenic and
endogenous Fyn, these results suggest that mutant Fyn types (Figure 3B). Furthermore, few transitional/CD4 SP
thymocytes in lck2/2 mice expressed mature levels ofprotein is expressed at 1–2 times that of endogenous
wild-type Fyn. Figure 3A shows that the TFF transgene TCR, CD5, and CD69 (Figure 4A), suggesting that posi-
tive selection of DP thymocytes into the CD4 lineage iscan promote the development of a few (<5%) DP thymo-
cytes in RAG12/2lck1/2 mice, but thymic cellularity was defective.
Expression of the TFF transgene enhanced the produc-not improved. Thus, in contrast with constitutivelyactive
Lck, constitutively active Fyn does not efficiently pro- tion of transitional/SP and TCRmed/hi thymocytes in Lck-
deficient mice (Figure 3B), suggesting that activated Fynmote the DN to DP transition in the absence of a TCRb-
containing pre-TCR complex. significantly improves the DP to SP transition in the ab-
sence of Lck. This notion was further supported by theIn contrast with the marginal effect of the TFF
transgene on thymocyte development in RAG1-deficient observation that transitional/SP thymocytes from TFF1
RAG11/2lck2/2 mice expressed nearly normal levels ofmice, the data in Figure 3B demonstrate that it has a
Figure 2. Western Blot Analysis of Fyn Pro-
tein Levels in Thymocytes
Postnuclear supernatants from the indicated
number of cells were separated by SDS–
polyacrylamide gel electrophoresis (nonre-
ducing), transferred to nitrocellulose, and
blotted with Fyn-specific antisera. Thymo-
cytes from MHC I2/2MHC II2/2 mice are pri-
marily DP cells, andLck-deficient thymocytes
consist of approximately equal numbers of
DN and DP cells. Densitometric analysis was
performed, and the results were normalized
to the signal from MHC-deficient thymocytes,
which was arbitrarily designated as 1.0.
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Figure 3. Effect of the TFF Transgene on T
Cell Development in RAG12/2 and lck2/2 Mice
Thymocytes from 3- to 6-week-old TFF1 and
TFF2RAG12/2 (A) or RAG11/1 or RAG11/2
mice (B) were counted and analyzed for ex-
pression of CD4 versus CD8, CD25, and
TCRb as described for Figure 1B. CD25
expression was not determined (ND) on
TFF1RAG11/2lck1/2 thymocytes. Since all
TFF transgenic mice were derived from
TFF1 3 TFF2 matings, they express only one
copy of the transgene. The histogram mark-
ers in (B) denote the mature TCRmed/hi subset
in each strain. Note that this population is not
detected in TFF2lck2/2 mice. The numbers in
brackets refer to mean fluorescence intensity
of cells falling into the TCRmed/hi gate.
TCR, CD5, and CD69 (Figure 4B), in contrast with those However, peripheral T cells from these mice had a normal
phenotype (Figure 5).from lck2/2 mice (Figure 4A). These data suggest that
the TFF transgene can partially replace Lck function in
promoting the DP to SP transition, but several findings
suggested that positive selection of Lck-deficient DP thy- TCRab/CD3 and CD4 Signaling in lck2/2
DP Thymocytesmocytes was not completely normalized by the TFF
transgene. First, expression of TCR and CD5 on transi- The above results demonstrate that maturation of Lck-
deficient DP thymocytes into the SP lineages is defec-tional/SP thymocytes from TFF1 mice, although improved
relative to nontransgenic Lck-deficient thymocytes, was tive and that this can be ameliorated by expression of
constitutively active Fyn. These observations suggeststill slightly lower than normal (Figure 4B). Furthermore,
although TFF1 Lck-deficient mice had slightly higher num- that Lck deficiency impairs signal transduction events
required for efficient positive selection of DP thymocytesbers of splenic ab T cells than TFF2 Lck-deficient mice,
wild-type numbers of ab T cells were not observed (Table in vivo, in accord with a recent study (Hashimoto et al.,
1996). Therefore, we assessed TCR- and CD4-mediated2), and TCR and CD4 levels remained abnormally low
(Figure 5). Notably, however, the TFF transgene restored signal transduction in normal and Lck-deficient DP thy-
mocytes. As previously noted by several investigatorsnormal numbers of splenic gd T cells to Lck-deficient mice
(Table 2). The TFF transgene had relatively little impact (Gilliland et al., 1991; Turka et al., 1991; Wiest et al.,
1996), we found that aggregation of TCR or CD3 onon thymocyte development in RAG11/2lck1/2 or RAG11/1
lck1/1 mice, although marginally increased numbers of SP fresh ex vivo DP thymocytes from normal mice produces
only marginal increases in protein tyrosine phosphoryla-thymocytes expressing slightly reduced TCR levels were
sometimes observed (see Figure 3B; data not shown). tion, but this response can be markedly improved by
Immunity
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Figure 4. Effect of the TFF Transgene on the DP to SP Transition in lck2/2 Mice
Thymocytes from 3- to 6-week-old B6 versus lck2/2 mice (A) and B6 versus TFF1lck2/2 mice (B) were analyzed by three-color flow cytometry
for CD4 and CD8 expression versus TCR, CD5, or CD69. For each genotype, the R1 gate defines DP thymocytes and the R2 gate defines
transitional/CD4 SP thymocytes. The histogram overlays compare the expression of TCR, CD5, and CD69 on R1- or R2-gated cells from B6
(shaded histograms) versus lck2/2 (unshaded histograms) mice (A) or B6 (shaded) versus TFF1lck2/2 (unshaded) mice (B).
coaggregation of the TCR with CD4 (Figure 6A). How- kinases to substitute for one another in regulating
growth and differentiation of other cell types (Lowellever, CD4-induced tyrosine phosphorylation, most nota-
and Soriano, 1996). This redundancy was evident in thebly of the 120/130 kDa protein substrate, was abrogated
development of different T cell lineages (ab and gd), asby Lck deficiency (Figure 6A). Nonetheless, Lck-defi-
well as during pre-TCR- and TCR-mediated signalingcient DP thymocytes exhibited robust TCR-induced pro-
events required for ab T cell development. However, thetein tyrosine phosphorylation without CD4 coaggrega-
degree of redundancy was not the same in all of thesetion, arguing that proximal TCR signaling pathways are
processes. For example, development of lymph nodeintact, and perhaps improved, in the absence of Lck.
gd T cells was compromised toa similar but minor extentDistal TCR signaling pathways were also activated,
in the absence of Lck or Fyn, but was virtually abolishedsince TCR stimulation increased CD5 and CD69 expres-
in the absence of both molecules, suggesting that theresion and decreased RAG1 expression in Lck-deficient
is a high degree of functional overlap between theseDP thymocytes, although these responses were slightly
two kinases. In contrast, developmental transitions me-less efficient in the absence of Lck (Figures 6B and
diated by the pre-TCR and TCR are severely compro-6C). Thus, the TCR can transduce signals leading to
mised in the absence of Lck, but remain largely intactactivation or maturation of Lck-deficient DP thymocytes
in the absence of Fyn, suggesting a greater reliance onin vitro, yet these cells fail to mature normally in vivo.
Lck in these developmental processes. Nonetheless, we
show here that transgenic expression of constitutivelyDiscussion
active Fyn can almost completely replace Lck function
in all of these aspects of T cell development.This study has revealed that Fyn and Lck can subserve
redundant functions during T cell development, in
Functions of Fyn and Lck in gd T Cell Developmentagreement with the documented ability of Src family
We observed small numbers of TCRgd1 thymocytes in
lck2/2fyn2/2 animals (data not shown), suggesting that
Table 2. Effect of TFF Transgene on Peripheral T Cell Number the absence of these cells in spleen and lymph nodes
in Lck-Deficient Mice (Figure 1A; Table 1) may reflect defective selection, ex-
port from the thymus, peripheral expansion of theseGenotype Number of T Cells
cells, or a combination of these factors. Although Vg21
lck RAG1 TFF n ab T cells (3 1026) gd T cells (3 1025)
T cells are positively selected on MHC class I, develop-
1/1 1/1 2 5 47 6 14 16 6 3 ment of Vg31 skin T cells is class I independent (Wells
2/2 1/1 2 5 6 6 4 4 6 2 et al., 1991; Correa et al., 1992). In addition, available
2/2 1/2 1 3 18 6 5 19 6 9
evidence suggests that selection of Vg31 is not depen-
n, number of individuals per group. Erythrocyte-depleted spleen dent on TCR–ligand interactions (Asarnow et al., 1993).
cells from individual mice of each genotype were counted, and the Thus, it remains unclear whether the gd TCR or other
absolute number of ab and gd T cells in eachsample was determined cell surface receptors interact with Fyn and Lck during
as described for Table 1.
gd T cell development.
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thymocyte development and TCRb allelic exclusion (An-
derson et al., 1993; Levin et al., 1993) are completely
abrogated in the latter mice (Anderson et al., 1993; Levin
et al., 1993), whereas these events are only partially
compromised in lck2/2 mice (Molina et al., 1992; Wallace
et al., 1995). We suggest that the dominant-negative lck
transgene, which was expressed at 12-fold higher levels
than endogenous lck, did not permit adventitious signal-
ing by Fyn, which clearly can participate in DP thymocyte
development in lck2/2 mice.
In mice lacking both Lck and Fyn, we observed an
accumulation of TCRb1CD251 DN thymocytes (Figure
1B), suggesting that pre-TCR-expressing precursors
could not transduce signals required for developmental
progression and proliferation. In accord with this idea,
expression of a constitutively active fyn transgene com-
pletely obviated the need for Lck function at this stage
of T cell development (Figure 3B), suggesting that the
two kinases could in principle subserve overlapping
functions in the DN to DP transition. However, several
observations argue that Fyn and Lck do not function
identically in this regard. First, DP thymocyte develop-
ment is severely impaired in lck2/2 mice, but is normal
in fyn2/2 mice (Appleby et al., 1992; Molina et al., 1992;
Stein et al., 1992). This is not likely due to quantitative
differences, since it has been reported that Fyn and Lck
are expressed at similar levels in DN and DP thymocytesFigure 5. Effect of TFF Transgene on the Frequency of TCRb1 and
CD41 Splenic T Cells (Olszowy et al., 1995). Second, transgenic expression
of constitutively active Lck both restores normal DPErythrocyte-depleted spleen cells from individual 3- to 6-week-old
mice of each genotype were analyzed for TCRb and CD4 expression thymocyte development to RAG12/2 mice (Mombaerts
as described for Figure 1. Two to five mice of each genotype were et al., 1994) and suppresses TCRb gene rearrangement
analyzed; a representative animal from each group is shown. in wild-type mice (Anderson et al., 1992, 1993), but the
analogous TFF transgene does not (Figure 3A; data not
shown). Again, this difference does not correlate with
Notably, the TFF transgene restored splenic gd T cell different levels of transgene expression, since the effect
numbers to normal levels in Lck-deficient mice (Table 2), of the mutant Lck was observed when it was expressed
arguing that it can effectively compensate for Lck in this at endogenous Lck levels, yet the TFF transgene had
regard. However, the development of Vg2 transgene- only marginal effectsdespite being overexpressed at least
bearing T cells appears to be strictly Lck dependent 2-fold relative to endogenous Fyn (Figure 2). Finally, over-
(Penninger et al., 1993), suggesting that Fyn can replace expression of a dominant-negative lck transgene com-
Lck function for the production of most, but not all, pletely abrogates DP thymocyte development, whereas
thymically derived gd T cells. Interestingly, the develop- a dominant-negative fyn transgene does not affect T
ment of intraepithelial gd T cells in the gut, which is cell development (Cooke et al., 1991).
thought to occur extrathymically (Poussier and Julius, Collectively, these data suggest that Lck and Fyn may
1995), was previously shown to be Lck independent interact with an overlapping but not identical set of sub-
(Penninger et al., 1993). Studies are in progress to deter- strates to mediate pre-TCR signals, either because they
mine whether Fyn plays an essential or a functionally possess inherently different substrate specificities or
redundant role in the development of this gd T cell owing to distinct intracellular distributions (Ley et al.,
subset. 1994). In mature T cells, Fyn and Lck are thought to be
activated by aggregation of distinct cell surface recep-
Functional Redundancy of Lck and Fyn in tors, since Fyn is found associated with the cytoplasmic
Pre-TCR-Mediated Positive Selection tails of CD3chains and other surface receptors, whereas
Although Fyn plays no essential role in the DN to DP at least some cellular Lck is associated, via its unique
transition (Appleby et al., 1992; Stein et al., 1992), experi- N-terminal domain, with cysteine residues in the cyto-
ments described here show that the development of plasmic tails of CD4 and CD8a (Weiss and Littman,
DP thymocytes in Lck-deficient mice is Fyn dependent 1994). However, once activated, both Fyn and Lck are
(Figure 1). These findings likely explain why RAG2/2 thought to phosphorylate tyrosine-based activation mo-
lck2/2 mice can still develop small numbers of DP thymo- tifs in TCRz, CD3e, CD3g, and CD3d and, subsequently,
cytes after treatment with ionizing radiation or anti-CD3 ZAP-70 or Syk (or both), members of a distinct tyrosine
(Levelt et al., 1995; Wu et al., 1996). In addition, our kinase family (reviewed by Anderson et al., 1994; Weiss
observations suggest an explanation for the different and Littman, 1994). By contrast, neither the intracellular
thymocyte phenotypes of lck2/2 mice versus mice ex- distributions nor the protein substrates of Lck and Fyn
in pre-TCR-expressing immature thymocytes have beenpressing a dominant-negative mutant lck transgene. DP
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Figure 6. Effect of Lck Deficiency on TCR-
Mediated Signal Transduction in DP Thymo-
cytes
(A) TCR/CD4-induced protein tyrosine phos-
phorylation in lck1/1 versus lck2/2 DP thymo-
cytes. Purified DP thymocytes from lck1/1
and lck2/2 mice were cultured for 1 min at
378C without stimulation or after antibody-
mediated cross-linking of the indicated sur-
face molecules. Cellular proteins from equal
cell numbers were separated by SDS–poly-
acrylamide gel electrophoresis (nonreduc-
ing), transferred to nitrocellulose, and blotted
with a monoclonal anti-phosphotyrosine anti-
body (4G10). Arrows indicateseveral proteins
that undergo TCR/CD4-inducible tyrosine
phosphorylation. Numberson the left indicate
the migration of molecular mass standards.
(B) Reverse transcription–polymerase chain
reaction (PCR) analysis of RAG1 and b-actin
transcripts in DP thymocytes cultured over-
night alone or with anti-TCRb. The indicated
cDNA dilutions were PCR amplified with
primers specific for RAG1 or b-actin, and the
products were fractionated on agarose gels,
blotted onto nylon membrane, probed with
32P-labeled RAG1 or b-actin cDNA fragments,
and exposed to a phosphorimager screen.
Note that both normal and Lck-deficient DP
thymocytes show TCR-induced down-regu-
lation of RAG1 transcripts, whereas b-actin
transcript abundance is similar in all samples.
(C) Basal and TCR-induced CD5 and CD69
expression by normal versus Lck-deficient
DP thymocytes. DP thymocytes from each
genotype were purified by cell sorting and
then cultured overnight alone or with immobi-
lized anti-TCRb antibody. Histograms show
CD5 and CD69 expression on unstimulated
(shaded histograms) or anti-TCRb-stimulated
(unshaded histograms) DP thymocytes.
and Lck also interact with cytokine receptors and other
surface molecules, such as CD2, known tobe expressed
in immature thymocytes (Anderson et al., 1994; Seck-
inger and Fougereau, 1994; von Freeden-Jeffry et al.,
1995). Thus, Lck and Fyn need not be directlyassociated
with the pre-TCR. Substrates phosphorylated by Lck
and Fyn in pre-T cells are also unidentified, although
ZAP-70 was shown to be activated by CD3 cross-linking
of a pre-TCR-expressing immature T cell line (van Oers
et al., 1995). However, the absence of ZAP-70 or Syk
does not compromise development of DP thymocytes
(Cheng et al., 1995; Negishi et al., 1995; Turner et al.,
1995). Thus, ZAP-70 and Syk may not be involved in
pre-TCR signaling, or they may also play redundant roles
in this process.
Role of Lck and Fyn in Positive Selection
of DP Thymocytesidentified. In the simplest model, Fyn and Lck would
both be associated with the cytoplasmic tails of pre- Fyn-mediated signal transduction is dispensable for
positive selection of DP thymocytes into the CD4 or CD8TCR components, allowing their direct activation by ag-
gregation of pre-TCR complexes, but this has not yet lineage (Appleby et al., 1992; Stein et al., 1992; Swan et
al., 1995). In contrast, very few SP thymocytes and Tbeen demonstrated biochemically and the existence of
pre-TCR ligands remains speculative. Moreover, Fyn cells develop in lck2/2 mice (Molina et al., 1992). We
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show here that the DP to SP transition is significantly interactions (Jameson et al., 1995). Finally, the tyrosine
to phenylalanine substitution at position 528 could altercompromised in the absence of Lck, suggesting that
Lck-mediated signals are important for positive selec- the substrate specificity of TFF relative to wild-type Fyn.
In summary, our studies have identified overlappingtion of most DP thymocytes. In accord with this idea, a
recent study demonstrated that expression of catalyti- functions of Fyn and Lck at multiple stages of T cell
development, further emphasizing the pivotal role thatcally inactive Lck specifically in DP cells using the distal
Lck promoter effects an unambiguous block in positive Src family kinases play in this regard.
selection (Hashimoto et al., 1996).
The role of Lck in positive selection could involve Experimental Procedures
transducing signals from CD4/CD8, the TCR complex,
or both. We show here that defective positive selection Mice
All strains were bred and maintained at the Hospital for Sick Chil-of Lck-deficient DP thymocytes in vivo does not appear
dren. Mice deficient for either Lck (Molina et al., 1992) or Fynto correlate with defective TCR signaling in vitro (Figure
(Appleby et al., 1992) were intercrossed to generate doubly mutant6). By contrast, we found that CD4-dependent signaling
animals. Peripheral blood from F2 offspring was analyzed by flow
was abrogated in Lck-deficient DP thymocytes (Figure cytometry, and Lck-deficient mice were identified based upon a
6A). This defect could impinge on positive selection in reduction of TCRb1 T cells relative to C57BL/6 (B6) mice. The fyn
vivo, since a recent study (Wiest et al., 1996) showed genotype of these animals was determined by a PCR-based assay
using genomic tail DNA. A sense primer (59 fyn, CAG GTC TCT GCTthat activation of ZAP-70, an essential event in positive
GCC GCC TAG) from within fyn (T) exon 7A and an antisense primerselection (Negishi et al., 1995), requires coaggregation
(39 fyn, CGA GTC ACG TGC AAC TTC CCA) from exon 7B amplifiedof CD4 with the TCR in DP thymocytes. However, other
a 600 bp fragment of the wild-type fyn allele. In a second reaction,
defects in Lck-deficient DP thymocytes might also ac- the 59 fyn primer and a 39 neomycin primer SDL23 (Appleby et al.,
count for their defective maturation into SP T cells in 1992) were used to amplify a 1.6 kb fragment of the disrupted fyn
vivo. For example, Lck deficiency caused decreased (T) allele, which contains the neomycin gene inserted into exon 7B.
The amplification cycle (1 min at 948C, 90 s at 558C, and 75 s atCD5 and increased TCR expression in DP thymocytes,
728C) was repeated 37 times in a Perkin–Elmer 480 thermalcycler.and both defects were normalized by expression of the
PCR products were resolved on 2% agarose gels containing 0.5TFF transgene (Figure 4). Interestingly, these results fur-
mg/ml ethidium bromide and photographed under UV light.
ther suggest that DP thymocytes modulate CD5 levels A B6 TFF transgenic line (5525) was established using standard
in response toLck- and Fyn-dependent signal transduc- procedures (Cooke et al., 1991) and then crossed to RAG12/2lck2/2
tion in vivo. CD5 has been reported to negatively regu- mice (Wu et al., 1996). TFF1 F1 progeny were identified by slot-
blot screening of tail DNA with a human growth hormone probe aslate TCR signaling in thymocytes and to play an impor-
previously described (Cooke et al., 1991) and then backcrossed totant role in positive selection (Tarakhovsky et al., 1995),
RAG12/2lck2/2 mice. Backcross progeny were then typed for thesuggesting that abnormal CD5 expression could impair
presence of the TFF transgene and for their RAG1 and lck genotype
positive selection of Lck-deficient DP thymocytes. as previously described (Wu et al., 1996).
Although endogenous Fyn appears to compensate
poorly for Lck in development of transitional/SP thymo- Antibodies and Flow Cytometry
cytes and peripheral T cells, the TFF transgene could Fluorochrome-conjugated antibodies specific for the following sur-
face molecules were prepared using standard techniques: CD4partially restore this developmental transition (Figure 4;
(GK1.5), CD8a (53-6.7 or YTS169.4), CD5 (53-7.3), TCRb (H57-597),Table 2), demonstrating that Fyn can transduce signals
CD3e (YCD3-1 or 145-2C11), and CD44 (IM178). The remaining anti-important for positive selection of DP thymocytes. The
bodies were purchased: GL3 (TCRgd) and 7D4 (CD25) (Pharmingen,
differential effectiveness of endogenous wild-type Fyn San Diego, CA); 4G10 (Upstate Biotechnology, Lake Placid, NY);
and transgenic TFF might be explained by the slightly horseradish peroxidase (HRP)-conjugated protein A and HRP-con-
higher expression of the latter in DP thymocytes (Figure jugated goat anti–mouse IgG (Amersham, Arlington Heights, IL).
Anti-Fyn polyclonal rabbit antisera were provided by Dr. A. Veillette2), but it is important to note that endogenous Fyn ex-
(McGill University, Montreal, Quebec).pression increases during the DP toSP transition (Cooke
For flow cytometric analyses, single cell suspensions from thymus,et al., 1991), whereas TFF is expected to decrease
lymph nodes, and erythrocyte-depleted peripheral blood and spleen
across this transition owing to its expression under con- were prepared in HBSS containing 2% calf serum and 10 mM HEPES
trol of the lck proximal promoter. Down-regulation of and stained for surface markers as described previously (Groves et
TFF expression likely begins during the earliest phases al., 1995; Guidos et al., 1995). All antibodies were used at saturating
concentrations. The secondary reagents used included avidin–of positive selection, since we have recently shown that
phycoerythrin (PE) (Caltag, San Francisco, CA) and a tandemconjugateovernight TCR engagement of DP thymocytes in vitro
of avidin–Cychrome-5/PE that was prepared by conjugating PE (Mo-significantly decreases transcription from the lck proxi-
lecular Probes, Eugene, OR) to Cychrome-5 (Biological Detection Sys-mal promoter (Groves et al., submitted). Positive selec- tems, Pittsburgh, PA) according to the instructionsof the manufacturer.
tion is thought to be a multistep process requiring sev- Rat IgG2a, rat IgG2b, and hamster IgG isotype control antibodies
eral TCR engagement events (reviewed by Guidos, conjugated to fluorescein, biotin, or PE were purchased from Phar-
mingen and used at 1–2 mg/ml. Two- or three-color immunofluores-1996), so down-regulation of TFF during the late stages
cence was analyzed on a FACScan flow cytometer with LYSIS II soft-of positive selection could account for its failure to re-
ware (Becton Dickinson, Mountain View, CA) as previously describedstore completely the development of SP T cells in Lck-
(Guidos et al., 1990; Fischer et al., 1995). Dead cells and debris weredeficient mice. An equally plausible explanation for the
excluded from the analysis on the basis of low forward scatter or high
differential effectiveness of endogenous Fyn and trans- propidium iodide fluorescence (or both).
genic TFF in this regard is that endogenous Fyn may
not be activated efficiently by TCR aggregation in vivo, Purification of DP Thymocytes
perhaps because positive selection of DP thymocytes DP thymocytes from lck1/2 and lck2/2 mice were purified using a
dual laser FACSTAR Plus cell sorter (Becton Dickinson). Cells wereusually occurs in response to low affinity TCR–ligand
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first stained with saturating concentrations of fluorescein isothiocy- R.H. (1992). Activation events during thymic selection. J. Exp. Med.
175, 731–742.anate–conjugated anti-CD5 (53-7.3) and PE-conjugated anti-CD8
(53-6.7), followed by cell sorting of the CD5loCD8hi population. The Carrera, A.C., Baker, C., Roberts, T.M., and Pardoll, D.M. (1992a).
sorted cells were 99% DP thymocytes, as assessed by staining an Tyrosine kinase triggering in thymocytes undergoing positive selec-
aliquot of purified cells with saturating concentrations of biotinylated tion. Eur. J. Immunol. 22, 2289–2294.
anti-CD4 (GK1.5) followed by avidin–Cychrome-5/PE. This proce-
Carrera, A.C., Wee, S.-B., Roberts, T.M., and Pardoll, D.M. (1992b).dure allowed purification of DP thymocytes without engaging either
Selective association between MHC class I-restricted T cell recep-the TCR or CD4 molecules. Studies of TCR-induced changes in
tors, CD8, and activated tyrosine kinases on thymocytes undergoingCD5, CD69, and RAG1 expression were carried out as described
positive selection. J. Immunol. 149, 3142–3149.elsewhere (Fischer et al., 1995; Groves et al., submitted).
Cheng, A.M., Rowley, B., Pao, W., Hayday, A., Bolen, J.B., and
Pawson, T. (1995). Syk tyrosine kinase required for mouse viability
Western Blot Analyses and B-cell development. Nature 378, 303–306.
Anti-Fyn immuoblotting was performed on cells lysed at 5 3 107
Cooke, M.P., Abraham, K.M., Forbush, K.A., and Perlmutter, R.M.cells per milliliter with 50 mM Tris (pH 8.0), 20 mM EDTA (pH 8.0),
(1991). Regulation of T cell receptor signaling by a src family protein-20 mM Na3VO4, 50 mM NaF, 1% NP-40, 20 mg/ml leupeptin, and 20
tyrosine kinase (p59fyn). Cell 65, 281–291.mg/ml aprotinin. Insoluble material was removed by microcentrifu-
gation at 16,000 rpm for 15 min at 48C. Postnuclear supernatants Correa, I., Bix, M., Liao, N.S., Zijlstra, M., Jaenisch, R., and Raulet,
D. (1992). Most gd T cells develop normally in b2-microglobulin-from the indicated numbers of cell equivalents were resolved on a
8% nonreducing SDS–polyacrylamide gel, transferred to nitrocellu- deficient mice. Proc. Natl. Acad. Sci. USA 89, 653–657.
lose, probed with anti-Fyn serum and HRP-conjugated protein A, Davidson, D., Chow, L.M.L., Fournel, M., and Veillette, A. (1992).
and then developed using the enhanced chemiluminescence detec- Differential regulation of T cell antigen responsiveness by isoforms
tion system (Amersham). For studies of TCR-induced protein tyro- of the src-related tyrosine protein kinase p59fyn. J. Exp. Med. 175,
sine phosphorylation, DP thymocytes purified as described above 1483–1492.
were stained at 5 3 107 per milliliter with biotinylated YCD3-1, H57,
Fehling, H.J., Krotkova, A., Saint-Ruf, C., and von Boehmer, H.GK1.5, or H57 plus GK1.5 for 20 min at 48C. After washing, cells
(1995). Crucial role of the pre-T-cell receptor a gene in developmentwere resuspended at 2.5 3 107 per milliliter and prewarmed to 378C
of ab but not gd T cells. Nature 375, 795–798.for 3 min. Biotinylated antibodies were then cross-linked by the
Fischer, K.-D., Zmuidzinas, A., Gardner, S., Barbacid, M., Bernstein,addition of 10 mg/ml avidin (Molecular Probes) for 1 min at 378C.
A., and Guidos, C. (1995). Defective T-cell receptor signaling andThe reaction was stopped by addition of 1 ml of cold PBS containing
positive selection of Vav-deficient CD41CD81 thymocytes. Nature400 mM Na3VO4. Cells were lysed as described above for Fyn immu-
374, 474–477.noblotting, and postnuclear supernatants were resolved on an 8%
reducing SDS–polyacrylamide gel, transferred to nitrocellulose, and Gauen, L.K.T., Kong, A.-N.T., Samelson, L.E., and Shaw, A.S. (1992).
probed with 4G10, followed by HRP-conjugated anti–mouse IgG. p59fyn tyrosine kinase associates with multiple T-cell receptor sub-
units through its unique amino-terminal domain. Mol. Cell. Biol. 12,
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